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Abstract 
This paper reports on frequency up-conversion (UC) emission properties in Tm3+/Yb3+ -codoped Ga2O3-GeO2-Bi2O3-PbO 
glass upon excitation of 980 nm laser diode. A close correlation is observed between the Bi2O3 substituted content for 
PbO and UC luminescence properties of Tm3+. It was found that the decreasing PbO and increasing Bi2O3 content 
improve the blue and red UC emission intensity. The maximum of UC emission intensity is obtained when substituted 
PbO content is at 35%. In addition, the dependence of the UC emission intensity upon the excitation power has been 
examined and the involved mechanisms have also been discussed.  
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1. Introduction 
Considerable interest has been focused on the conversion of infrared radiation to shorter wavelengths by 
materials doped with rare-earth (RE) ions, such as Tm3+, Er3+, Ho3+ and Pr3+ over the past several years [1-4]. 
Recently the solid-state compact blue-emitting laser has been the subject of intense spectroscopic research due 
to their potential applications in the areas of upconversion (UC) pumped visible lasers, high-resolution 
printing, high-density data storage, undersea communications, laser displays, etc [1, 5]. There has been a 
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continuous interest in the literature on luminescent lanthanide (Ln3+)-doped glass materials because Ln3+ ions 
are the suitable candidates for the luminescence processes owing to their abundant energy levels [6]. In 
particular, the materials doped with Tm3+ ions and sensitized with Yb3+ ions have been widely investigated. 
This is because not only Tm3+ ion possess rich radiative transition from the ultraviolet (UV) to the infrared 
(IR) and has already established a key role as the active dopant for obtaining laser emission, frequency UC, 
and waveguide lasers when doped in different hosts [1, 5-7] but also their peculiar energy level configuration of 
Yb3+ ions, which include only two energy levels, allows excitation with high power 980 nm commercial laser 
diode (LD) [1,7]. The frequency UC luminescence property of Tm3+ and Yb3+ for different host materials, such 
as tellurite and fluoride glasses, has been reported by many researchers [8-10]. However, by considering the 
poor chemical durability of most halide glasses and the poor stability against devitrification of tellurite 
glasses, searching for a new host material is necessary. RE3+-doped heavy metal oxide glasses based on 
Ga2O3-Bi2O3-PbO system has been pursued as promising for photo-electronic applications because of 
advantageous properties such as good transparency ( 8 m), high refractive index and low phonon energies 
etc [11-15].  
Herein, this paper carries out a detailed study on photoluminescence (PL) properties of the Tm3+/Yb3+-
codoped Ga2O3-GeO2-Bi2O3-PbO glass upon excitation of 980 nm LD to examine their suitability as potential 
solid-state compact blue-emitting laser. Meanwhile effects of Bi2O3 substitution for PbO on UC lumicescence 
properties have also been investigated in detail. 
2. Experimental procedure 
BP glasses with the molar composition of 99.6[15Ga2O3-20GeO2-(20+x)Bi2O3-(45-x)PbO]-0.3Tm2O3-
0.1Yb2O3 (in mol ) (x=0, 10, 15 20 35 and 45  named as BP1, BP2, BP3, BP4, BP5 and BP6) were 
prepared. The starting materials were analytical-reagent chemicals of Bi2O3, PbO, and Ga2O3 (99.99%), GeO2 
(99.999%), and R2O3(99.99%) (R= Tm and Yb). All the samples of about 15 g batches were prepared using a 
conventional melting-quenching method in crucible for 20 min at around 1100 , and then followed by a 
quenching in air on a stainless-steel plate. After annealing, all the glasses were optical polished and cut into 
the size of 20 20 2.0 mm3. Simultaneously the glasses of (99.9-y)(15Ga2O3-20GeO2-20Bi2O3-45PbO)-
yTm2O3-0.1Yb2O3 (y=0.05, 0.1, 0.3, 0.5 and 0.7, named as BPT1, BPT2, BPT3, BPT4 and BPT5) are 
prepared. 
The absorption spectra were measured with a PERKIN-ELMER Lambda 900 UV-Visible-NIR 
spectrophotometer in the range of 400-2300 nm with the resolution of 1 nm. Raman scattering spectra were 
recorded in the range of 49-1000 cm-1 using a microscope spectrophotometer (model RM 2000, Renishaw) 
with 514.5 nm laser as an excitation source and the working power is 20 mW. The UC luminescence 
measurements were obtained with a computer-controlled Triax 320 spectrofluorimeter (Jobin-Yvon Corp.) 
upon continuous wave excitation of 980 nm LD (Coherent Corp). Emitted light was focused onto the 
monochromator and was monitored at the exit slit by R928 photomultiplier tube (400-900 nm). All the optical 
measurements were performed at room temperature. 
3. Results and discussion 
3.1.Absorption  spectra 
Fig. 1 shows absorption spectra in the range of 400-2200 nm for Tm3+/Yb3+ -codoped samples upon 
excitation at 980 nm LD. The cutoff band shifts to a longer wavelength with the substitution of Bi2O3 for 
PbO, which might be ascribed to larger molecular weight of Bi2O3 than PbO leading to the lower baseband 
vibrational frequency. Each assignment corresponds to the excited level of Tm3+ and Yb3+ ions. Five 
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absorption bands of Tm3+ and one absorption band of Yb3+ are observed in Fig 2, centered at the respective 
wavelengths of 1669, 1206, 793, 698 and 684 nm for Tm3+. 976 nm absorption is corresponding for Yb3+, 
which reveals that Yb3+ might be a good sensitizer for Tm3+. Energy levels higher than 1G4 of Tm3+ are not 
observed because of the intrinsic bandgap absorption in the host glass. The shape and the peak position of 
each transition for BP glasses are very similar to those in Tm3+/Yb3+-codoped other host glasses [8,18]. 
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Fig.1. Absorption spectra of Tm3+/Yb3+-doped BP glasses with the increase of Bi2O3 replacing for PbO content. The assignments of 
absorption bands indicate the excited level. 
3.2 Up-conversion emission spectra 
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Fig. 2. Room-temperature UC emission spectra for BP glasses at 980nm LD in the range of 400-750 nm. Inset shows that UC intensity as 
a function of the content of the Bi2O3 substitution for PbO. 
Fig.2 shows the emission spectra in the visible wavelength ranging 400-750 nm under 980 nm excitation at 
room temperature. They exhibit an intense blue and two weak red emission bands centered around 476, 650 
and 689 nm corresponding to the 1G4 3H6, 1G4 3F4 and 3F2,3 3H6 transitions of Tm3+ ions, respectively. 
Fig.2 inset illustrates the change of 476 and 650 nm emission intensity with increasing the substituted Bi2O3 
content for PbO. It is noted clearly that the maximum value of 476 and 650 nm UC emission intensity is 
obtained when substituted Bi2O3 content for PbO is about 35mol%. The change of blue emission centered at 
476 nm is quicker than 650 nm emission, which indicates that the Bi2O3 substitution for PbO might be more 
effective on the blue emission than the red emission. 
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Fig. 3 Log Log plot of corresponding UC emission intensity of BP5 glass on pump laser power under 980 nm excitation. 
Fig. 3 indicates Log Log plot of UC intensity on pump laser power for 476, 650 and 689 nm emissions. In 
frequency UC process, the UC emission intensity, IUC, is proportional to the intensity of excitation IR 
radiation, IIRn, and the integer n is the number of photons absorbed per UC photon emitted[19,7]. Plotting the 
UC emission intensity versus pump power in log-log representation yields a straight line with a slope with 
slope n. Values of n obtained from Fig 3 are 2.63, 2.50 and 1.54, corresponding to 476, 650 and 689 nm 
emission, respectively. It is noted that 476 and 650 nm emission increase in proportion to the cube of 
excitation power, indicating that both emissions result from a three-step UC, While the quadratic dependence 
of fluorescence intensity on excitation laser power confirms that the fact that the two-photon contribute to the 
red (689 nm) UC emission.  
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Fig.4. UC spectra of Tm3+/Yb3+-doped BPT1-5 glasses with different Tm3+ concentrations.  
Fig. 4 illustrates that the UC spectra of Tm3+/Yb3+-codoped samples as a function of Tm2O3 content at 
room temperature. It can be observed that UC emission intensity of three emission bands peaked at 476, 650 
and 689 nm.  Meanwhile the UC emission intensity reaches the maximum value when the content of Tm2O3 is 
0.3 mol% due to obvious quenching effect in high Tm3+ concentration, which might be induced due to the 
cluster or ions pair between Tm3+ ions in high Tm3+-doped concentration. Further the probability of 
interaction between Tm3+ ions and some impurity such as [OH] - group might be enhanced with the increase 
of Tm3+ concentration. Therefore, quenching of UC emission intensities appears in Fig 4. In addition, it should 
be mentioned here that the blue emission in the BP glasses are stronger than the red emission at 650 nm.  
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Fig. 5 Partial schematic energy level diagrams of Tm3+ and Yb3+ ion. The proposed ET routes between Tm3+ and Yb3+ are also depicted in 
the figure. 
According to the energy matching conditions and the dependence of the emission intensity on the 
excitation power, the possible excitation mechanism is analyzed on the basis of the simplified energy level 
diagram of Tm3+ and Yb3+ as shown in Fig. 5. For the blue UC emission, Yb3+ ions absorb a 980 nm photon 
and produce 2F7/2 2F5/2 transition. Then Yb3+ ions at excited state transfer their energy to adjacent Tm3+ ions 
in the ground state (3H6) by the ET, exciting Tm3+ in the ground state transit to the 3H5 state. While Tm3+ ions 
in the 3H5 state nonradiativly decay to the metastable level 3F4 and the Tm3+ at 3H4 state can transit to 3F2,3 
state by ESA or ET from Yb3+ to Tm3+. The third, the population of 3F2,3 state also partly relaxes to 3F4 state 
then transit to 1G4 level by ESA or ET process from Yb3+ to Tm3+. Then 1G4 3H6 transition produces the 
intense blue UC emission. It is noted that blue emission (476nm) is much higher than red emission(650 and 
689 nm), which is because most of the Tm3+ ions relax radiatively to the ground state to give strong 476 nm 
due to  1G4 3H6 transition. Further the number of Tm3+ ions promoted to 1G4 to give blue emission will be 
very big. The excitation processes for the 1G4 3H6, 1G4 3F4 and 3H4 3H6 transitions can be explained as 
follows: 
GSA : 2F7/2(Yb3+ 2F5/2(Yb3+)                                (1) 
ET: 2F5/2(Yb3+)+3H6 (Tm3+ 2F7/2(Yb3+)+3H5 (Tm3+)           (2) 
MR : 3H5(Tm3+) 3F4 Tm3+                                           3  
ESA  3H4 (Tm3+) + a photon 3F2,3 (Tm3+)                         (4) 
ET  2F5/2 (Yb3+) + 3H4(Tm3+) 2F7/2(Yb3+) + 3F2,3 (Tm3+)   (5) 
MR : 3F2,3(Tm3+) 3H4 Tm3+                                            (6) 
ESA: 3F4(Tm3+) + a photon 1G4(Tm3+)                                (7) 
ET: 2F5/2(Yb3+) + 3F4(Tm3+) 2F7/2(Yb3+) + 1G4 (Tm3+)         (8) 
For red emission, from the Fig.5, we can clearly see that 1G4 3F4 and 3F2,3 3H6 transitions emit red 
luminescence centered at around 650 nm and 689nm, respectively. 
4. Conclusion 
In conclusion, we have experimentally investigated UC luminescence properties and ET of Tm3+/Yb3+-
doped BP glass under the excitation of 980 nm LD.  The involved mechanisms have also been dicussed. The 
dependence of UC emission intensity on excitation power suggests that a three-photon process contributes to 
the blue(476 nm) and red (650 nm) emission, and a two-photon process to the red (689 nm) emissions. A 
close correlation is observed between the Bi2O3 substituted content for PbO and UC luminescence properties 
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of Tm3+. An enhancement in the blue and red UC emission intensity was observed with the increase of 
substituted Bi2O3 content for PbO, and the maximum of UC emission intensity is obtained at x=35. In 
addition concentration quenching appears when Tm3+-doped concentration is 0.3 mol%. The results shows 
that controlling the UC luminescence of Tm3+ could be realized by adjusting glass component and Tm3+ 
concentration to find a potential laser glass applicable to developing new blue-emitting laser. 
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